ABSTRACT An outbreak of hydropericardium syndrome has been ongoing in East China since 2015. To decipher the disease etiology, 26 full-length sequences of the adenovirus hexon gene were cloned and sequenced. Phylogenetic trees and sequence alignments revealed that all 26 strains belonged to subgroup C serotype 4 and shared some consistent molecular characteristics that showed only 9 mutations without amino acid (AA) deletions. Eight sites were located in L1 and one in L2. To determine whether the complete hexon gene was under positive selection pressure, site-by-site analysis was performed to identify specific codons that underwent evolutionary selection. Analysis identified 7 positively selected codons in L1 (AA 164, 168, 195, and 243) and L2 (AA 379, 402, and 408). The other 2 sites (AA 140 and 680) were located in P1 and P2, respectively. The results reveal that hexon loops L1 and L2 are hypervariable regions. Moreover, elucidation of viral distribution indicated that the liver is a major target organ, and FAdV-4 is a pantropic virus. In summary, FAdV-4 has been identified as an epidemic strain, and viral evolution is ongoing; thus, continuous surveillance of this virus will contribute to the control of future epidemics.
INTRODUCTION
Fowl adenoviruses (FAdV) belong to the genus Aviadenovirus in the family Adenoviridae, which is classified into 3 groups. Group 1 is divided into 5 species (FAdV A, B, C, D, and E) with 12 serotypes (FAdV-1 −8a and −8b -11), as determined by restriction enzyme digest patterns and serum cross-neutralization tests (Hess, 2000; Balamurugan and Kataria, 2004; Hess, 2013) . FAdV are implicated in a wide range of avian diseases, including inclusion body hepatitis, hydropericardium syndrome (HPS), and gizzard erosion (Adair and Fitzgerald, 2008) . Outbreaks of HPS have been prevalent in commercial broilers in Pakistan since the first appearance of FAdV in 1987 (Anjum et al., 1989) and have been followed by subsequent outbreaks throughout Asia resulting in severe economic losses (Gowda and Satyanarayana, 1994; Borisov et al., 1997; Roy et al., 2004a; Kim et al., 2008) .
All FAdV isolates associated with HPS to date have been identified as subgroup C (FAdV-C) serotype C 2018 Poultry Science Association Inc. Received May 22, 2017. 1 Y. Niu and Q. Sun contributed equally to this article. 2 Corresponding authors: liusid@sdau.edu.cn 4 fowl adenovirus (FAdV-4) (Lobanov et al., 2000; Schachner et al., 2014; Li et al., 2016) , which is a double-stranded non-enveloped DNA virus with a diameter of 60 to 90 nm (Adair et al., 1979) . The genome of FAdV encodes a number of non-structural proteins and 3 structural proteins: hexon, penton, and the fiber protein. Theoretically, as a major surface-exposed capsid structure, the 937-amino acid (AA) hexon protein is a key mediator of antigenicity of adenoviruses and has a wide array of epitopes allowing for subgroup and type specificity (Norby, 1969; Norby and Wadell, 1969; Toogood et al., 1989; Russell, 2009) and, thus, is an accessible target to antibodies, which could explain the observed positive selection (Lin et al., 2015) . The hexon is a homotrimer consisting of 3 identical polypeptide chains. The trimeric hexon molecule has a pseudohexagonal base and a triangular top. The base contains 2 more conserved pedestal domains, P1 and P2, and the top contains 3 long loops, L1, L2, and L4. Like its human adenovirus counterpart, the major AA changes, whether deletions, additions, or mutations, are concentrated more frequently in 3 triangular projections (L1, L2, and L4) that are not as conserved and form the exposed surface of the capsid (Weber et al., 1994; Sheppard et al., 1995) . For reference FAdV-10 (U26221), 803 which also belongs to subgroup C, the locations of loops and pedestals of hexon protein are as follows: L1, 150 to 283; L2, 365 to 484; L3, 647 to 678; L4, 769 to 846; P1, 95 to 149, 284 to 364, and 485 to 599; and P2, 600 to 646, 679 to 738, and 847 to 907 (Weber et al., 1994; Sheppard et al., 1995) . Furthermore, the antigenic and genetic variability can cause epidemics or outbreaks (Houng et al., 2010; Rebelo et al., 2010; Walsh et al., 2010) . However, to the best of our knowledge, there are no studies on whether the complete hexon gene of FAdV-4 was under positive selection pressure, so a site-by-site analysis was performed to identify specific codons that underwent evolutionary selection.
Since 2015, clinical cases of HPS have been increasing in many regions of China, including Shandong, Jiangsu, Anhui, and Jiangxi (Niu et al., 2016; Teng et al., 2016) . However, the molecular and genetic evolution characteristics among FAdV isolates have not been fully analyzed. Recently, the full-length 2814-nucleotide (nt) hexon coding sequence also was demonstrated to be a reliable marker for detailed phylogenetic analyses (Mase et al., 2009) . Hence, the aim of this study was to identify the phylogenetic and evolutionary relationships of the predominant FAdV serotype responsible for the HPS outbreak in China, and to reveal whether the predominant strains had antigenic or sequence variations in the hexon capsid protein gene, as well as the pathologic features of FAdV infections.
MATERIALS AND METHODS

Ethics Statement
The study protocol was approved by the Committee on the Animal Ethics of Shandong Agricultural University (SDAUA-2015-003) and conducted in accordance with the approved guidelines.
Case History and Histopathologic Examination
Twenty-six commercial poultry flocks in 10 cities (Binzhou, Dezhou, Heze, Jinan, Jining, Taian, Langfang, Liaocheng, Zhaozhuang, and Zibo) with active HPS infection were monitored from September 2015 to November 2015. The flocks consisted of miscellaneous meat-type chickens (a cross between white cocks and commodity layers), Ma-chickens (a local variety), White broiler chickens, and multi-aged layers, reared either in cages or using the free-roaming mode. Dead and ailing birds were subjected to necropsy examinations. Tissue samples, including the liver, kidneys, heart, and lungs, were stored at −80
• C for future virological examinations or fixed in 10% neutral formalin for 24 h at room temperature for histopathological examinations. The formalin-fixed tissue samples were processed, and paraffin sections were stained with hematoxylin and eosin (H&E) for microscopic examination.
Virus Isolation
The liver and lung samples were homogenized and centrifuged at 8,000 × g at 4
• C for 20 minutes. Then, aliquots of the suspension (0.2 mL/egg) were treated with streptomycin (1,000 μg/mL) and penicillin (1,000 IU), and inoculated into 9-day-old specific pathogenfree embryonic chicken eggs (n = 81; Poultry Institute, Shandong Academy of Agricultural Sciences, Jinan City, China) via the allantoic cavity method. Viable eggs were incubated for 7 d at 37
• C, and dead eggs were discarded within 24 hours. Subsequently, allantoic fluid was collected from the dead and live embryos after 7 days.
Polymerase Chain Reaction (PCR) Analysis
Viral DNA and RNA of the harvested cultures were extracted for the detection of suspected viruses using the EasyPure viral DNA/RNA Kit (TransGen Biotech Co., Ltd., Beijing, China), in accordance with the manufacturer's protocol. Four major pathogens, including FAdV, infectious bursal disease virus, Newcastle disease virus (NDV), and avian influenza virus (AIV) (subtype H5 or H9), were detected by reverse transcription (RT)-PCR or PCR (Liu et al., 2013) . Immunosuppressive viruses, including Marek's disease virus (MDV), reticuloendotheliosis virus (REV), and chicken infectious anemia virus (CIAV), are not easy to proliferate in eggs. So, the presence of these viruses was tested by direct tissue PCR. Tissue DNA was extracted using the TIANamp Genomic DNA Kit (Tiangen Biotech Co., Ltd., Beijing, China) and used as templates for PCR analysis (Smith et al., 1998; Ji et al., 2001; Liu et al., 2014) .
Hexon Gene Amplification and Sequencing
One primer pair based on strain ON1 (GenBank accession no. GU188428) was designed to amplify the complete hexon gene (Zhang et al., 2015) . The viral DNA of FAdV-positive allantoic fluid was extracted, and the complete hexon gene was amplified using Premix Taq TM DNA polymerase (TaKaRa Bio Inc., Shiga, Japan). The PCR was performed in 4 steps: 95
• C for 5 min, followed by 30 cycles of 94
• C for 30 s, 57
• C for 1 min, and 72
• C for 3 min, followed by a final extension step at 72
• C for 10 minutes. After recovery and purification, the target fragments were cloned into pEASY-T1 cloning vectors (TransGen Biotech Co., Ltd., Beijing, China), and the positive recombinant clones were sequenced by Sangon Bioscience (Shanghai, China).
Phylogenetic and Identical Analysis
The hexon nt sequences were amplified from the viral stocks (Table 1 ). The whole sequence of 26 hexon genes was compared with 28 reference sequences retrieved from the GenBank database (http://www. ncbi.nlm.nih.gov/genbank/) using MEGA version 6.0 software (http://www.megasoftware.net/). Phylogenetic analyses and evolutionary associations of the nt and AA sequences were inferred using the neighborjoining method with 1,000 bootstrap replications. The nt and AA sequence identities were calculated using the MegAlign module of the Clustal W algorithm included in the Lasergene software package (DNASTAR Inc., Madison, WI).
Selection Pressure Analysis of the Hexon Gene
Analysis of the selection pressure acting on the codons of the hexon capsid protein of 26 new isolates and 19 reference strains was conducted using the HyPhy open-source software package available at the Datamonkey Adaptive Evolution Server (http://www.datamonkey.org/) (Delport et al., 2010) . The level of positive selection was estimated using 5 different approaches: single likelihood ancestor counting (SLAC), fixed effects likelihood (FEL), internal fixed effects likelihood (IFEL), mixed effects model of evolution (MEME), and fast unbiased Bayesian approximation (FUBAR) (Sharma et al., 2013) . The best nt substitution model for different datasets, as determined via the available tool on the Datamonkey server, was used for analysis.
Rabbit Polyclonal Antibody Production and Immunohistochemistry (IHC)
The recombinant partial FAdV-4 hexon protein was conducted through the conventional method of prokaryotic expression. The immunodominant coding sequence (1035 bp) of the recombinant protein spanned 385 to 1,419 bp from the total hexon gene sequence (2,814 bp; Gene Bank accession no. KU877411). The recombinant histidine (His)-tagged fusion protein was detected by Coomassie Blue staining and identified by western-blotting used with anti-polyhistidine antibody (ComWin Biotech Co., Ltd., Beijing, China). Three 70-day-old New Zealand White rabbits were subcutaneously immunized with 1.0 mg of purified hexon protein 3 times every 2 weeks. For the first immunization, the purified hexon protein was emulsified with Freund's complete adjuvant and the remaining 2 with incomplete adjuvant (Sigma-Aldrich Corporation, St. Louis, MO). Blood samples were collected from all rabbits prior to each injection. Three wk after the third injection, the highest antibody titers were reached, and then serum was collected from all 3 rabbits. Sections were processed using standard IHC protocols.
RESULTS
Epidemiological Analysis
Many varieties of the experimental chickens demonstrated signs of HPS, including 5 layers, 5 Ma-chickens, 7 miscellaneous meat-type chickens, and 9 broilers. The flock size of the poultry farms ranged from 1,500 to 30,000 birds with chickens aged between one and 72 weeks. The course of disease was usually 10 to 15 d with mortality rates 1 to 70%. Generally, the sick chickens were able to recover and eventually attain peak egg production. The epidemiological details of the FAdV-positive flocks are presented in Table 1 . The PCR/RT-PCR results showed that among the 26 samples, none was positive for NDV or AIV, 10 were positive for MDV, 4 for REV, and 20 for CIAV (data not shown). All amplified hexon genes were sequenced and submitted to the GenBank database under the accession nos. KU877411 to KU877436. The major postmortem findings were swollen, yellowishbrown-colored livers with necrotic foci and flabby heart tissues with severe hydropericardium ( Figure 1A) . The kidneys were swollen and pale ( Figure 1B) . The lungs showed congestion and variable degrees of edema ( Figure 1C ).
Histological Analysis
The most prominent microscopic lesion was multifocal hepatitis with accumulation of mononuclear cells in some areas, and many hepatocytes had large, round, eosinophilic or basophilic intranuclear inclusion bodies ( Figure 1D ). In the heart, deposition of proteinaceous material and extravasation of erythrocytes between the muscle bundles and fibers were consistently observed. There was a large accumulation of mononuclear cells in some areas ( Figure 1E ). Changes in the kidneys were variable. Some birds showed severe hyperemia and massive degeneration of renal epithelial cells ( Figure 1F ), while in other birds, the tubular epithelium was intact but separated from the basement membrane by edema fluid. The lungs showed congestion and edema ( Figure 1G ).
IHC Analysis
IHC analysis performed using rabbit polyclonal antibody as the primary antibody showed that the polyclonal antibody was considered as specific for FAdV-4 (supplemental Figures S1A and S1B ). FAdV-4 antigens were mostly detected in the nuclei and only rarely in the cytoplasm of infected epithelial cells in the liver, intestine, lung, and kidney. FAdV-4 antigens also were detected in the parenchymal cells of the liver and pancreas (Figure 2A and B) . In the proventriculus and small intestines, FAdV-4 antigens were readily detected and scattered in the glandular epithelium (Figure 2C ) and epithelial cells ( Figure 2D ). The quantities of the target antigen in the digestion system were relatively greater than in other organs. Interestingly, immunoreactivity in the myocardial fibers was not strong ( Figure 2E ). Antigens also were often detected in the pulmonary epithelial cells (Figure 2F ), renal tubular epithelial cells ( Figure 2G ), and splenic macrophages (Figure 2H) . No positive granules were detected in all the negative control of these organs (supplemental Figures  S2A to S2H ).
Phylogenetic and Site Mutation Analysis of the Hexon Gene
A total of 54 full-length hexon gene sequences (about 2.8-kb) of different serotypes, which included the sequences of the 26 new isolates and 28 reference 
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strains (supplemental Table S1 ), was used to construct phylogenetic trees. The phylogenetic trees based on nt and AA sequences analysis resulted in similar classifications of all 54 sequences into 3 main groups (groups 1 to 3) ( Figure 3A and B) . Among the 26 new isolates, the nt and AA sequences showed similarities of 99.6 to 99.9% and 98.6 to 99.9%, respectively. When compared with each of the 28 reference strains, the 26 newly isolated strains shared similarities of 48.3 to 48.6% and 37.9 to 38.1% with group 2 on nt and AA sequences; 49.4 to 49.7% and 35.4 to 35.7% with group 3, respectively. Within group 1, the detected gene shared nt and AA similarities of 75.4 to 75.7% and 80.8 to 81.5% with FAdV-A; 71.8 to 72.0% and 76.7 to 77.4% similarities with FAdV-B; 98.4 to 100% and 94.8 to 100% similarities with FAdV-C; 68.1 to 70.6% and 59.5 to 60.2% similarities with FAdV-D; and 73.3 to 74.7% and 45.3 to 65.6% similarities with FAdV-E ( Table 2 ). The new isolates shared the highest nt and AA sequence similarities with the FAdV-C reference strains.
Compared with the other 19 FAdV-4 reference strains, the 26 new isolates from China had showed consistently AA substitutions, including a Q at position 193 (Q 193 ) and E 195 . Table 3 shows the specific positions and types of AA mutations identified in the hexon region when the 26 new isolates from China were compared with the HB1510 sequence (GenBank accession no. KU587519) as a reference. The results revealed multiple mutations with a total of 9 mutation hotspots: AA 164, AA 193, AA 195, AA 238, AA 240, AA 243, AA 263, AA 264, and AA 410 (Table 3) . Numerous isolates were mutated at these sites at a mutation rate of >10%. Of these, 8 sites (AA 164, 193, 195, 238, 240, 243, 263, and 264) were located in L1. Only one site (AA 410) belonged to L2. There were no regular changes in polarity of the mutational AA.
Selection Pressure Analysis
Selection pressure analysis of the 45 hexon genes revealed 9 positively selected sites (AA 140, 164, 188, 195, 243, 379, 402, 408, and 680) by at least 2 methods (Table 4) . Among them, 4 sites (AAs 164, 188, 195, and 243) belonged to L1. Three sites (AA 379, 402, and 408) belonged to L2. Moreover, only one site (AA 140) belonged to P1, and one (AA 680) belonged to P2.
DISCUSSION
The present epidemic in China has caused considerable economic losses to the fast-developing poultry industry nationwide. At the early stage of disease outbreak, the cause of HPS is ambiguous, even though many factors, including the presence of mycotoxins, rancid fat, excess salt, organophosphorus compounds in feed, and antagonistic drug action of coccidiostats, have been considered. However, mortality associated with this disease was very high, and the geographic regions were significantly more extensive. Additionally, based on studies of intranuclear inclusion bodies in hepatocytes, a virus is suspected as the causative agent of HPS. To determine the pathogenesis and identify suspected pathogens, specimens were collected, and systemic examinations were performed, which confirmed FAdV infection. In this study, although co-infections with other immunosuppression pathogens (i.e., MDV, CIAV, and REV) were screened, it remains unclear whether immunosuppressive pathogens before or concurrent with FAdV infection exacerbate the clinical presentation (Toro et al., 2000; Choi et al., 2012) . It was previously reported that HPS mainly affected broilers at the age of 3 to 5 wk, although outbreaks have occasionally occurred among layers and breeders ( various breeds of chickens in China. The results of the present suggest that the host range of FAdV has expanded. However, the underlying mechanism remains unknown, especially whether a mutation(s) results in enhanced virulence or other factors (Afzal et al., 1991) .
The phylogenetic trees and sequence alignments reveal FAdV-4 as the predominant epidemic strain in the HPS outbreak in China, and the strains circulated in China contain only some mutations without AA deletions in the hexon sequences (Table 3) . Fortunately, by selection pressure analysis of the hexon AA sequences, 9 AA variation associated with positive selection were observed (Table 4 ). The results reveal that the hexon gene loops L1 and L2 are hypervariable regions, rendering them hotspots for research of the taxonomy and antigenic shifts of FAdV. However, this biological The sites found under positive selection (significance value) by at least 2 methods are shown in the table. Codon with P < 0.5 level in SLAC method, or with P < 0.2 level in FEL method, or with P < 0.1 level in IFEL method, or with P < 0.1 level in MEME method, or with Post. Pr. ≥ 0.7 method, was considered under positive selection. significance needs to be further characterized to elucidate the functional importance of these mutations or positively selected AA to help predict possible changes in relation to type-specific antigenic determinants and pathogenicity.
In this study, the recombinant protein was based on hexon protein loops L1 and L2, which contain a surface-exposed structure that conveys immunogenicity (Toogood et al., 1992) . IHC analysis showed that the polyclonal antibody had high sensitivity and specificity as a detection antibody. The IHC analysis results also showed extensive antigen staining in the livers with marked lesions, but not in the hearts. However, the most prominent changes shown by H&E staining were acute hepatic necrosis with intranuclear inclusions and myocardial cells with granular or vacuolar degeneration, serous exudate, and infiltration of monocytes or macrophages. Therefore, it was hypothesized that acute hepatic necrosis may cause marked hepatic circulatory failure, which may lead to circulatory failure, hydropericardium, and, ultimately, death. This assumption may be supported by the pathologic findings of ascites syndrome in broilers (Nakamura et al., 1999) . Moreover, IHC analysis indicates that the liver is a major target organ, and FAdV-4 is a pantropic virus that can replicate in multiple organs.
In conclusion, the 26 FAdV isolates from East China were clustered in FAdV-4, and all of the isolates, together with some previously sequenced strains, were identical, indicating that FAdV-4 may have spread from a common ancestor to become the predominant epidemic strain in the most recent HPS outbreak in China. Selection pressure analysis revealed that the capsid protein hexon had undergone positive selection, although the evolution of the major capsid protein is steady with only some mutations. The future acquisition of additional mutations could lead to antigenic drift and cause further outbreaks. So in order to quickly respond to future emergence of re-emergent adenoviruses, continuous surveillance of the evolution of this virus is necessary. The polyclonal antibody based on hexon loops L1 and L2 could be used as a detection antibody in IHC analysis to elucidate the distribution of the virus in target organs, especially the liver. Further efforts to elucidate pathways underlying FAdV infection might help to improve strategies to control outbreak of HPS.
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